Abstract. The effects of two pumpkin cultivars and five fungicide programs on cucurbit powdery mildew development and yield were evaluated in southern New Jersey from 2005 to 2007. Each year, five separate fungicide programs were applied to powdery mildewtolerant cv. Magic Lantern or powdery mildew-susceptible cv. Howden pumpkin. The five fungicide programs applied season-long (10 applications per program) included: 1) protectant fungicides only: manzate + sulfur [Fungicide Resistance Action Committee (FRAC) codes M3 + M2] alternated weekly with maneb + copper hydroxide (FRAC codes M3 + M1); 2) standard program: chlorothalonil + myclobutanil (FRAC codes M5 + 3) alternated with azoxystrobin (FRAC code 11); 3) intensive program: maneb + myclobutanil (FRAC codes M3 + 3) alternated with [famoxadone + cymoxanil] (FRAC codes 11 + 27); 4) FRAC code 3 weekly: chlorothalonil + myclobutanil (FRAC codes M5 + 3) alternated with myclobutanil (FRAC code 3); and 5) FRAC code 11 weekly: chlorothalonil + azoxystrobin (FRAC codes M5 + 11) alternated with azoxystrobin (FRAC code 11). In each year, there were no significant interactions between the fungicide program and cultivar. In each year, area under disease progress curve values were highest when a FRAC code 11 fungicide was applied weekly compared with a FRAC code 11 fungicide applied in a weekly rotation with a FRAC code 3 fungicide or a FRAC code 3 fungicide applied weekly. Visual examination of leaves at the end of each production season revealed there were no significant differences in powdery mildew development on the top (adaxial) or bottom (abaxial) sides of leaves in untreated subplots. Powdery mildew development was lower on the bottom sides of leaves when a Fungicide Resistance Action Committee (FRAC) code 3 fungicide was applied weekly compared with a FRAC code 11 fungicide applied weekly or when a FRAC code 3 fungicide was rotated weekly with a FRAC code 11 fungicide in each year of the study. There were no significant differences in total number of harvested fruit, number of harvested orange fruit, average weight of orange fruit, or percentage of harvested orange fruit between fungicide programs in each year of the study. Results of this study, based on arcsine-transformed area under disease progress curve (AUDPC) values and top and bottom leaf surface ratings, suggest that the weekly use of the FRAC code 11 fungicide lead to the development of practical resistance in the field population of cucurbit powdery mildew. Rotating a FRAC code 11 and FRAC code 3 fungicide weekly resulted in lower AUDPC values and powdery mildew development on the bottom side of leaves in 2 of 3 years of this study. However, based on AUPDC values and leaf rating values, the level of control obtained with the high-risk FRAC code 3 fungicide was less during each consecutive year. The immediate erosion of control (i.e., qualitative resistance) as observed with the FRAC code 11 fungicide or the gradual decline of control (quantitative resistance) as observed with the FRAC code 3 fungicide over three growing seasons shows the importance of being able to detect and understand the mechanisms of practical resistance development. This understanding will allow appropriate fungicide control recommendations to be made in a timely (i.e., real-time) manner. Importantly, fungicide resistance is most likely to develop on the bottom side (abaxial) of pumpkin leaves when effective, low-risk (nonmobile) fungicides (FRAC code M numbers) are tank-mixed with high-risk fungicides in cucurbit powdery mildew control programs.
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In the United States, pumpkin (Cucurbita pepo) crops are grown primarily for wholesale processing and ornamental use. Pumpkin production in the United States increased 6.4% in 2005 from 2004 totaling 1.1 billion pounds (U.S. Department of Agriculture, 2006). In 2007, 2500 acres were harvested in New Jersey, accounting for %5% of U.S. production (Crop profile for pumpkins in New Jersey, 2007). Although considered a minor vegetable crop based on the numbers of acres produced each year in New Jersey, pumpkin crops play a critical role in keeping small roadside farm markets operational during fall months through agritourism events such as fall festivals, grade school farm tours, and u-pick operations.
Powdery mildew [Podosphaera (sect. Sphaerotheca) xanthii (Castagne) U. Braun & N. Shishkoff (also known as Sphaerotheca fusca (Fr.) S. Blumer and S. fuliginea (Schlechtend.:Fr.) Pollacci] is an important disease of cucurbit crops throughout the United States (Zitter et al., 1996) . The pathogen may overwinter on crop debris; however, in most years, the pathogen is wind-dispersed into northern regions from southern states each production season (Zitter et al., 1996) . The pathogen typically infects older leaves and stems first causing premature loss of foliage resulting in a reduction in yield as the size and number of fruit decrease (Mossler and Nesheim, 2003; Zitter et al., 1996) . Premature defoliation can also lead to sunscald injury resulting in unmarketable fruit. Stems infected by powdery mildew before harvest will prematurely turn brown and shrivel reducing the postharvest longevity of marketable fruit.
Control of cucurbit powdery mildew begins with preventing nutritional stress (Pernezny and Stall, 2005) , planting tolerant or resistant varieties such as cvs. Magic Lantern, Magician, or Gold Bullion (McGrath and Davey, 2006) and preventive fungicide applications (Alexander and Waldenmaier, 1999; Fitzgerald et al., 2005; McGrath and Shishkoff, 1999; Shamiyeh et al., 1999) . Pumpkin breeding lines and cultivars have been consistently evaluated for cucurbit powdery mildew resistance, and in recent years, new cultivars with powdery mildew tolerance have been released commercially (Epinat et al., 1992; , 2005 Kooistra, 1968; McGrath and Shishkoff, 2001; O'Brien, 1994; O'Brien et al., 1988) .
Preventive fungicides, particularly those that are systemic or translaminar, are able to suppress the disease on abaxial (underside or bottom) leaf surfaces where conditions are more favorable for powdery mildew development (McGrath, 2001a) . Effective control of powdery mildew depends on the timing of spray applications, the fungicide(s) used to control the disease, the age of the leaves, the presence of pathogen on the top or bottom surfaces of leaves, and pumpkin cultivar (Everts, 1999a (Everts, , 1999b (Everts, , 2002 McGrath and Staniszewska, 1994; McGrath, 1996a McGrath, , 2001b . Some newer fungicide chemistries for cucurbit powdery mildew control have modes of action that target fungal growth and development at specific metabolic site(s) (McGrath, 2001a (McGrath, , 2005 . In general, the more specific a fungicide's mode of action, the higher potential there is for fungicide resistance development. This is especially important in cucurbit powdery mildew where resistance to certain fungicide chemistries has already been detected (McGrath, 2001a) .
Resistance to systemic fungicides has been researched and documented (Huggenberger et al., 1984; Kendall, 1986; McGrath, 1996b; O'Brien et al., 1988; Ohtsuka et al., 1988; Peterson, 1973; Schroeder and Provvidenti, 1969) . The first case of fungicide resistance development in the United States was reported in cucurbit powdery mildew to the fungicide, benomyl (Schroeder and Provvidenti, 1969) . Since that time, resistance in cucurbit powdery mildew to other fungicides in FRAC code 1 have been reported (McGrath, 1996b) . In the late 1990s, a new class of fungicide, known as the strobilurins (FRAC code 11), were commercially released for the control of cucurbit powdery mildew. Cucurbit powdery mildew resistance to strobilurin fungicides [quinone outside inhibitors (QoI), FRAC code 11] was first reported in the United States in 2002 (McGrath and Shishkoff, 2003) . Managing fungicide resistance has been an important aspect of managing cucurbit powdery mildew (McGrath, 2001a; McGrath and Shishkoff, 2003) . Additionally, management of fungicide resistance in cucurbit powdery mildew has been studied and techniques developed to directly or indirectly detect it under field conditions (Cohen et al., 2004; Cushman et al., 2007; McGrath and Shishkoff, 2001 ). When such indirect techniques are used to measure fungicide resistance development, terms such as ''field'' or ''practical'' resistance have been used to describe the observable loss of chemical control. Indirect observations of fungicide resistance development are extremely important and useful for disease management because the observations can be used to make or adjust current fungicide recommendations in specific states or geographic regions.
As a result of the importance of understanding and managing fungicide resistance, an industry-led group, known as the FRAC, was established in the early 1980s (Fungicide Resistance Action Committee, 2006 In recent years, fungicide resistance has been detected in important diseases of vegetable crops grown in the eastern United States, including the mid-Atlantic region Driver, 2001, 2005; Norton, 1982; Van der Meer et al., 1978) . Unfortunately, some growers become concerned about managing resistance only after it has developed, although it is more important to recognize the primary goal of resistance management is to delay its development rather than to manage resistant strains (McGrath, 2001a) . The large number of fungicide chemistries available and the differences in modes of action can make it very difficult for vegetable growers to develop and follow fungicide resistance management programs on their farms. In many cases, fungicides within a given FRAC code are listed for the control of the same pathogen, which can lead to confusion by vegetable producers when it comes to developing a seasonal fungicide application program for specific diseases. For example, gummy stem blight caused by Didymella bryoniae (Auersw.) Rehm [syn. Mycosphaerella melonis (Pass.) Chui & J.C. Walker] is an important disease in cucurbit crops in the United States. In the mid-Atlantic region, resistance in the gummy stem blight fungus to azoxystrobin has been documented (Everts, 1999b) and FRAC code 11 fungicide chemistries such as azoxystrobin and pyraclostrobin are currently recommended control options, although both fungicides have a high risk for fungicide resistance development. Although both chemistries are still effective in some areas in the mid-Atlantic region, it is very important for growers who have resistance on their farm to know which fungicides belong to FRAC code 11 so that these fungicides are used in tank mixes and/or in rotations with other fungicide chemistries (i.e., FRAC codes) and not used in alternation with each other.
Because development of fungicide resistance in a production field can be difficult to measure without specific laboratory methods, a cucurbit grower could be unknowingly selecting for a resistant fungal population through the improper use of certain fungicide chemistries (McGrath, 2001a) . The successful management of fungicide resistance in highly mobile pathogens such as cucurbit powdery mildew may require regional cooperation. Otherwise, growers using high-risk fungicides exclusively may select resistant strains and thereby reduce the efforts of growers using a resistance management program (McGrath, 2001a) .
The objectives of this study were to evaluate the effects of cultivar resistance and five different fungicide programs on fungicide resistance development in cucurbit powdery mildew in pumpkin production. On 27 July 2005, 25 July 2006, and 25 July 2007 in each year, starting with the first fungicide application date and for each week after (10 weeks total), entire subsubplots were visually scored for powdery mildew development. Each week, pumpkin foliage from each subsubplot was visually rated on a scale of 0.0 to 1.0 (in which 0.0 = none, 1.0 = 100% severity) for symptoms of powdery mildew development (i.e., combined percentage of top and bottom of leaf surfaces with powdery mildew) to develop disease progress curves for each subsubplot. Arcsine-transformed AUDPC values for powdery mildew development were calculated for each year and statistically analyzed to determine if significant differences existed between fungicide programs.
Materials and Methods

From
In addition to the weekly foliar ratings, the percentage of upper and lower leaf surfaces with powdery mildew symptoms was estimated at harvest in each year. On 3 Oct. 2005 , 2 Oct. 2006 and 26 Sept. 2007 , the top and bottom leaf surface of five randomly selected individual mature leaves from each subsubplot were visually rated on a scale of 0.0 to 1.0 (in which 0.0 = none, 1.0 = 100%) for symptoms of powdery mildew development (i.e., percentage of top or bottom of leaf surfaces with symptoms of powdery mildew) and statistically analyzed to determine if significant differences existed between fungicide programs and leaf surfaces.
All fruit were harvested, graded, and weighed on 17 Oct. 2005 , 10 Oct. 2006 , and 3 Oct. 2007 to determine marketable total weight of harvested fruit (green + orange), weight of orange fruit, average fruit size (i.e., weight) of orange fruit, percentage orange fruit, and the percentage of fruit with healthy green stems.
Data from each year were analyzed separately because disease pressure was substantively different in each year of the study and visual ratings of powdery mildew were recorded on different dates each year. For the AUDPC and harvest variables, the data were analyzed as a strip-split-split-plot design with fungicide program as the whole-plot factor, cultivar as the subplot factor, and fungicide application as the subsubplot factor (Littell et al., 2006) . For powdery mildew ratings at harvest, the addition of the leaf surface (top versus bottom) factor to the model resulted in a strip-split-split-split-plot design. The MIXED procedure of the SAS System (version 9.13; SAS Institute, Cary, NC) was used to fit a mixed effects analysis of variance to test for main effects of cultivar, fungicide application, and surface as well as interaction effects among all treatment factors. Significant interactions were further investigated using the SLICE option to perform tests of simple main effects within each level of the interacting factor. Mean separation was conducted using Tukey's honestly significant difference test (a = 0.05). Model adequacy was assessed using plots of standardized residuals.
Results and Discussion
Effect of cultivar on powdery mildew development in 2005 to 2007. The percentage of leaves with powdery mildew in unsprayed plots was greater than 80% at the final rating date in both cultivars in each year of the study (Figs. 1-6 ). Cultivar had no effect on powdery mildew development in 2005 (P = 0.73) (Table 1) (Figs.  1-6 ). Based on AUDPC value, there were no significant differences in powdery mildew development in unsprayed subplots during each year of the study (Table 1) .
In 2005, AUDPC value for powdery mildew development was lower when a FRAC code 3 fungicide was applied weekly compared with the standard program (FRAC code 11 fungicide rotated weekly with a FRAC code 3 fungicide) and highest when a FRAC code 11 fungicide was applied weekly (Table 1 ). The AUDPC value for the fungicide program that contained protectant fungicides only (FRAC code M) were lower compared with a FRAC code 11 fungicide applied weekly but higher compared with the standard program in 2005 (Table 1) . In 2006, AUDPC value for powdery mildew development was lowest when a FRAC code 3 fungicide was applied weekly (Table 1) . Although not statistically different from the protectant only, standard, or intensive program, the AUDPC value was numerically highest when a FRAC code 11 fungicide was applied weekly (Table 1) .
In 2007, AUDPC values were significantly higher when a FRAC code 11 fungicide was applied weekly compared with a FRAC code 3 fungicide applied weekly. There were no differences in AUDPC values between the FRAC code 3 weekly, standard, or protectant only programs in 2007 (Table 1) .
In each year of the study, AUDPC values were higher when FRAC code 11 fungicide was applied weekly compared with a FRAC code 3 fungicide applied weekly or when a FRAC code 11 fungicide was rotated weekly with a FRAC code 3 fungicide (standard program). This suggests that resistance developed to the FRAC code 11 fungicide during each production season and, at least in part, was the reason for reduced control when the FRAC code 11 fungicide was rotated weekly with the FRAC code 3 fungicide in the standard program during the first 2 years of the study. Reduced control is often the first indication resistance has developed (McGrath and Shishkoff, 2003) . Resistance to FRAC code 11 (QoI) fungicides in powdery mildew populations were reported in Europe and Japan after 2 years of commercial use (McGrath, 2001a) . Resistance was determined to arise independently at isolated locations rather than as the result of clonal spread (McGrath, 2001a) . Resistance developed in some crops, although growers limited the number of QoI fungicides and applied the fungicides in alternation with fungicides in other chemical codes as recommended (McGrath, 2001a) .
The first detection of QoI resistance in cucurbit powdery mildew in the United States was in 2002 when efficacy was poor in several university research fields and commercial crops throughout the United States and where strobilurin efficacy was reported to decline dramatically after only the second application in a research trial in New York state (McGrath and Shishkoff, 2003) . QoI resistance is conferred by a single amino acid mutation, referred to as G143A mutation, in which as a result of the mutation, there is a single amino acid shift at position 143 from glycine to alanine in the cytochrome b protein involved in fungal respiration (Baumler, 2004) . The G143A mutation is the most effective and widespread mode of QoI resistance (Baumler, 2004; Kuck and Mehl, 2003) . Strobilurin (QoI) resistance is known to be qualitative in nature; thus, once resistance has developed, further use of the fungicide will no longer be effective.
Effect of fungicide program on the development of powdery mildew on the top In each year, there were no significant differences in powdery mildew development between the top or bottom surfaces of leaves when no fungicides were applied season long (Table 2 ). In 2005 and 2007, there were no significant differences in powdery mildew development on the top leaf surface between fungicide programs (Table  2 ). In 2006, powdery mildew development was higher on the top sides of leaves in the intensive program compared with all other fungicide programs (Table 2) . In 2005, powdery mildew development was highest on the bottom surface of leaves when a FRAC code 11 fungicide was applied weekly and lowest when a FRAC code 3 fungicide was applied weekly compared with all other fungicide programs. Comparatively, powdery mildew was significantly higher in the standard program compared with the FRAC code 3 program and significantly lower compared with the FRAC code 11 program suggesting that the FRAC code 11 fungicide in the standard program was resulting in reduced control on the bottom surfaces of leaves (Table 2) .
In 2006, powdery mildew was highest on the bottom surface of leaves treated with a FRAC code 11 fungicide weekly, but not significantly different from the protectant program. Like 2005, powdery mildew development was significantly higher in the standard program compared with the FRAC code 3 program and significantly lower compared with the FRAC code 11 program suggesting that the FRAC code 11 fungicide in the standard program was resulting in reduced control on the bottom surfaces of leaves (Table 2) .
In 2007, powdery mildew was highest on the bottom surface of leaves in the protectants only, intensive, and FRAC code 11 fungicide program. Like 2005 and 2006, powdery mildew development was lowest when a FRAC code 3 fungicide was applied weekly (Table 2 ). In 2007, there was no significant difference between the FRAC code 11 weekly and standard program suggesting that although the FRAC code 3 program was significantly lower than all other treatments when used alone, the FRAC code 3 fungicide in the standard program was most likely beginning to lose efficacy against powdery mildew ( Table 2) .
Control of powdery mildew on the bottom of pumpkin leaves with ''mobile'' fungicides such as those in FRAC code 3 and 11 should be considerably better than control with fungicides that have protectant, nonmobile properties if fungicide resistance has not developed. In each year, powdery mildew development was highest on the bottom surface of leaves when a mobile FRAC code 11 fungicide was applied weekly and lowest when a mobile FRAC code 3 fungicide was applied weekly. Results based on leaf ratings suggest that cucurbit powdery mildew developed practical resistance to the FRAC code 11 fungicide in all 3 years of the study and that by Year 3 of the study, the efficacy of the FRAC code 3 fungicide was reduced.
In each year, a FRAC code M (protectant) fungicide and/or a combination of protectant fungicides tank-mixed with high-risk fungicides were used in each program. Percent powdery mildew development on top surfaces of leaves in both years ranged from an expected 1% to 19% depending on fungicide program. Results of this study and as suggested by McGrath and Shishkoff (2001) confirm that fungicide-resistant powdery mildew populations may develop on the bottom surface of leaves when effective, protectant (FRAC code M) fungicides are used in season-long control programs in combination or rotation with high-risk mobile fungicides.
Effect of fungicide program on total number of harvested fruit, harvested orange fruit, weight of orange fruit, average weight of orange fruit, percentage orange fruit, and percentage of fruit with good stems in 2005 to 2007. In 2005, there were no significant differences in total number of harvested fruit, number of orange fruit, weight of total orange fruit, average weight of orange fruit, and percentage orange fruit between fungicide programs (Table 3 ). In 2005, there was a significant interaction between cultivar and fungicide application (FA) for total number of harvested orange fruit (P = 0.03), total weight of harvested orange fruit (P = 0.007), and the percentage of orange fruit (P = 0.04) ( Table 3 ). In 2005, with the exception of total number of orange fruit in unsprayed (no fungicide) plots, total number and weight of harvested orange fruit and percentage of orange fruit were significantly higher for cv. Magic Lantern compared with cv. Howden ( Table 4) . When comparing the percentage of good stems in sprayed and unsprayed subplots in 2005, there was a significant interaction effect between fungicide program (FP) and FA (P = 0.0101) because FP increased the percentage of good stems in the standard, intensive, FRAC code 3, and FRAC code 11 weekly programs (P < 0.0001, P = 0.0003, P < 0.0001, and P < 0.0001, respectively) but not in the protectant only program (P = 0.7187) ( Table 3 ). For sprayed subplots in 2005, the percentage of good stems was highest when a FRAC code 3 fungicide was applied weekly, followed by standard, protectant only, FRAC code 11 weekly, and intensive programs (Table 3) . In 2006, there were no significant differences in total number of harvested fruit, number of orange fruit, weight of orange fruit, average weight of orange fruit, percentage of orange fruit, and percent good stems among fungicide programs (Table 3) .
In 2007, there were no significant differences in total number of harvested fruit, number of orange fruit, percentage of orange fruit, and percentage good stems among fungicide programs (Table 3 ). The FRAC code 3 weekly program had significantly higher total weight of orange fruit than the protectant only and the standard program, but not the intensive or the FRAC code 11 weekly program (Table 3 ). In 2007, there was a significant fungicide program · fungicide application interaction (Table 3 ). In 2007, there was no significant difference in weight of orange fruit in cv. Howden across fungicide programs (Table 5 ). However, in cv. Magic Lantern, weight of orange fruit was highest when a FRAC code 3 or 11 fungicide was applied weekly, followed by the intensive and protectant weekly, and lowest when a FRAC code 3 fungicide was rotated with a FRAC code 11 fungicide on a weekly basis (Table 5) . Percentage of orange fruit at harvest in 2007 was higher in cv. Magic Lantern at 98% compared with 79% in cv. Howden.
Conclusions
Results suggest that practical resistance to FRAC code 3 and 11 fungicides developed in cucurbit powdery mildew affecting pumpkin during this study. Previous studies have used indirect methods of determining fungicide resistance development in the field where reduced control of the pathogen, based on previous field research and efficacy data, has been observed (McGrath, 2005) . The ratings of the bottom surfaces of leaves suggest that cucurbit powdery mildew developed fungicide resistance to the FRAC code 11 fungicide in all 3 years of the study and that by Year 3 of the study, the efficacy of the FRAC code 3 fungicide was reduced. This is the first report of cucurbit powdery mildew developing practical resistance to FRAC code 3 and 11 fungicides in New Jersey.
Fungicide resistance development has the capability to develop regardless of cultivar resistance or tolerance to the pathogen. Means within a column followed by the same letter are not significantly different from each other using tests of simple main effect (a = 0.05).
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